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introduces, which in turn reduces grain resistance and inhibits domain motion [18], also acceptor-doped PZT shows 
poor hysteresis loop and low dielectric constant. Isovalent (divalent at A site and tetravalent at B site) doping tends to 
reduce the Curie temperature [19] and increases the density of PZT ceramic, which in turn effect the electrical 
properties. A list of more commonly used dopands is given in Table 1. In the present work, we have prepared 
phosphorus (P5+)-doped PZT (52/48) by mixed oxide method. Structural and electrical characterizations were carried 
in order to study the effect of doping on the phase formation behavior and piezoelectric properties.  
 
Table 1. List of common ion substitution in PZT 
 
Pb site donors                            La3+, Bi3+, Nd3+, Sb3+, Th4+ 
Ti–Zr site donors                       Nd5+, Ta5+, Sb5+, W6+ 
Pb site acceptors                        K+, Na+, Rb+ 
Ti–Zr site acceptors                   Fe3+, Al3+, Sc3+, In3+, Cr3+, Co3+, Ga3+, Mn3+, Mg2+, Cu2+, P5+ 
Isovalent substitutions               Sr2+, Ca2+, Ba2+(for Pb2+) Sn4+ (for Ti4+, Zr4+) 
Multivalent ions                         Cr, U 
 
2. Experimental Procedure  
 
     The specimens were manufactured by using a conventional mixed oxide process. The compositions used in this 
study were as follows: Pb0.98Ca0.02[{(Zr0.52Ti0.48)0.98(Cr3+0.5, Ta5+0.5)0.02}1-xPx]O3 (hereafter named as PZT-CCT). This 
study of this new system is carried out while varying y (0 x12% with a step of x = 2%), and carrying out 
substitutions in site A and B of a perovskite structure by a mixture of the doping agents:  acceptors and donors (CaO, 
Cr2O3, Ta2O5 and P2O5). The starting materials were Pb3O4 (99.90%), ZrO2 (99.90%), TiO2 (99.90%), CaO (98%), 
Cr2O3 (99.90%), Ta2O5 (99.90%) and P2O5 (99.6%). 
Raw materials were mixed in acetone medium by using a magnetic stirrer during two hours. The obtained paste is 
being dried at 80 oC in a drying oven for two hours, and then crushed in a mortar out of glass during six hours. After 
crushing, the obtained powder is compacted in a form of pastilles with a pressure of 300 kg/cm2. Then, a preliminary 
calcination with 800 °C is carried out during two hours with a heating rate of 2°C/mn. The calcined mixture is crushed 
for a second time during four hours, and then was quickly crushed in a form of pellets with a pressure of 1000 kg/cm2. 
These pellets are agglomerated at various temperatures of sintering (1100, 1050, 1100, 1150 and 1180 °C) during two 
hours. It is important to note that a lead loss is possible by evaporation of PbO which is very volatile in T  900 oC.  
To limit this effect; an atmosphere rich in PbO was maintained with the powder of PbZrO3 to the minimum to reduce 
this loss during sintering. The pastilles are metalized by using a thin layer of silver paste on the two faces. 
X-ray diffraction (XRD, Siemens D500) was used to determine the crystalline phases present in the powder. The 
compositions of the PZT phases were identified by the analysis of the peaks [(002)T, (200)R, (200)T] in the 2ș range 
43-46o. The tetragonal (T), rhombohedral (R) and tetragonal-rhombohedral phases were characterized and their lattice 
parameters were calculated. The rhombohedral lattice parameter was calculated on the assumption that the 
rhombohedral distortion was constant (unit cell angle DR =89.9o) [20, 21]. In order to ensure an accurate determination 
of the lattice parameters, the X-ray peaks were recorded gradually with 0.01o steps. 
Electronic micrographs scanning (SEM) were taken from fractured as well as chemically etched surfaces. A section of 
the sintered sample was etched in a 5% HCl solution for 3 minutes. The fractured surfaces were used for grain size and 
morphology determination. The size distribution of the grains was measured and the results compared with each other. 
The size distribution of the pores and the total value of porosity were determined on a polished cross-section of the 
samples with an image analyzer. 
The specimens were polished for the piezoelectric studies. Silver paste was fired on both sides of the samples at 750 
°C for forty five minutes as the electrodes for the piezoelectric measurements. Before measuring the piezoelectric 
properties, the specimens were polled in silicone oil at 110 oC by applying a d.c. field of 3.6 kV/mm for forty five 
minutes. Twenty four hours after poling, the piezoelectric properties: piezoelectric constant (d31), electromechanical 
planar coupling factor (kp) and mechanical quality factor (Qm) were measured by a method similar to that of the IRE 
standard. The resonance and anti-resonance frequencies were obtained by using the maximum and the minimum of 
spectra admittance. 
 
3.  Results and Discussion 
 
3.1. Sintered Density 
 
Fig. 1(a). shows the variation of density with sintering temperature and the amount of P2O5 addition.  
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Fig. 1. (a) Variation of the density of PZT-CCT samples with sintering temperature at different P2O5 addition, (b) Variation of bulk density of 
sintered PZT-CCT samples with P2O5 addition at different sintering temperature 
 
 
This curves show the similar variation trend with increasing sintering temperature. The density of specimens 
sintered at 1050 °C showed the maximum value of 7.52 g·cmí3 at 4 wt. % P2O5 and then was decreased after the 
maximum value. This variation is mainly attributed to the formation of liquid phase of excess PbO that improves 
densification ofthe ceramics. However, a large amount of this liquid phase leads to low density which may result 
from the formation of voids [15]. The densities of the sintered pellets are shown in Fig. 1(b). From this figure, it is 
evident that initially the bulk density (as a percentage of theoretical density) of the pellets decreases with 1 wt. % P2O5 
addition, then also with an increasing amount of P2O5 addition up to 4 wt.%, the bulk density increased and then 
greater than 4 wt.% P2O5 addition, the density again decreased. This behavior can be explained by decomposition of 
P2O5 (melting point around 570 °C) can aid in liquid-phase sintering. Initially, the density of the pellets decreased on 
addition of 4 wt. % P2O5, because the amount of liquid formed was probably too low to get an appreciable 
densification. With increasing P2O5, the liquid- phase sintering dominated and was optimum for 4 wt. % P2O5 addition 
leading to maximum densification. With a higher amount of P2O5 addition, the densification again decreased because 
there should be an optimum amount of liquid above which densification is inhibited due to the formation of a thick 
coating of the liquid around the grains [16]. Recently, L.E. Cross [17] reported that a small amount of phosphorous 
addition (as P2O5) can improve the sintering of the PZT ceramics. 
 
3.2. Study of Morphological 
 
Fig. 2 shows SEM microstructures of the fracture surfaces of samples sintered at various temperatures. The 
distributions in the grain shape and size of the samples are rather uniform. All the samples showed an intergranular 
fracture mechanism indicating that the grain boundaries are mechanically weaker than the grains. These samples 
appear very dense and of a homogeneous granular structure, the three samples seem homogeneous and there do not 
seem to be grains of the pyrochlore phase which are identifiable by their pyramidal form. It is noted that the average 
grain size increases with increasing sintering temperature for 2 ȝm at 1000 °C up to 2.671 ȝm at 1050°C then this size 
decreases slightly to 1100 °C to reach the value of 2.51 ȝm; and the broader the granulo-metric distribution “Fig. 
2(b)”, the more the size of the grains gets bigger. With increasing P2O5, the liquid-phase sintering dominated and was 
optimum for 4 wt.% P2O5 addition leading to maximum densification. The increase in grain size may have led to the 
decrease of oxygen vacancies in PZT [18]. Fig. 2. also shows that the porosity decreases with the increase of sintering 
temperature (it reaches a minimum at 1050 °C), which is consistent with the increase of the densification of 
specimens. 
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Fig. 2. SEM micrographs of PZT-CCT specimens doped with 4 wt. % P2O5 and sintered at (a) 1000 °C, (b) 1050 °C and (c) 1100 °C 
 
 
3.3. Phase Structure 
 
Sintered powders were examined by X-ray diffractometry to ensure phase purity and to identify the phases of the 
materials. The results of X-rays on the samples sintered at 1050°C are illustrated in Fig. 3. The ceramics with various 
P2O5 contents all exist as pure perovskite phase. The ceramics exist as tetragonal phase which is indicated by the 
single (002)T and (200)T peak at x = 0.00 and x = 0.02. As P2O5 content increases from 4 to 8 wt. %, the ceramics 
coexist as tetragonal and rhombohedral phase revealed by the coexistence of (002)T and (200)R peaks in the 2ș range 
from 43.8° to 45.3°. The ceramics with x = 0.10 and x = 0.12 exist as tetragonal phase revealed by the splitting of 
(002)T and (200)T peaks in the 2ș range from 43.5° to 45.4°. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. XRD patterns of sintered PZT-CCT ceramics with varying P2O5 addition: (a) 0 wt.%; (b) 2 wt.%; (c) 4 wt.%; (d) 6 wt.%; (e) 8 wt.%; (f) 10 
wt.% and (g) 12 wt.% sintered at 1050°C 
 
3.4. Electromechanical Properties 
 
3.4.1. Planar electromechanical coupling factor kp 
 
 
(a) 
(c) 
(b)
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The electrical properties were strongly dependent on thephase of the specimens. The room-temperature 
electromechanical coupling factor (kp) of Pb0.98Ca0.02[{(Zr0.52 Ti0.48)0.98(Cr3+0.5, Ta5+0.5)0.02}1–xPx]O3 ceramics sintered at 
1050°C as a function of P2O5 content is plotted in Fig. 4. It can be observed that both of the kp curve possess a peak 
with increasing P2O5 content. The kp of P2O5 ceramics at x= 0 is 59.0 %. With increasing P2O5 content (4 wt. %), the 
kp of PZT-CCT ceramics reach their maximum values of 73 %. 
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Fig. 4. Evolution of kp as a function of P2O5 additive at different sintering temperature 
 
 
3.4.2. Piezoelectric constant 
 
Fig.5. shows the evolution of the piezoelectric constant d31 as a function of P2O5 content and different sintering 
temperatures. It is clearly observed that this coefficient increases with increasing doping level then decreases. It takes 
a maximum value of 10.3436 × 10-11 C / N for the composition included in the morphotropic phase boundary (MPB) 
(sample doped with 4 wt. % P2O5). 
At the transition region (T + R), the piezoelectricity reaches its maximum value. This is due to interactions 
piezoelectric five existing areas (71 °, 109 °, 180 ° for the rhombohedral phase and 90 °,    180 ° for the tetragonal 
phase) [19]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Evolution of piezoelectric constant d31 as a function of P2O5 content and different sintering temperatures  
 
3.4.3. Voltage piezoelectric factor g31 
 
     The variation of P2O5 affects the voltage piezoelectric factor (g31), this dependence is shown in Fig.6. Over P2O5 
rate increases, the coefficient g31 increases until it reaches a maximum value of 25 × 10-3          (mV / N) for the sample 
doped with 4 wt. % P2O5 and then decreases continuously. 
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Fig. 6. Evolution of Voltage piezoelectric factor g31 as a function of P2O5 content and different sintering temperatures 
  
 
3.4.4. Mechanical quality factor Qm 
 
As shown in Fig. 7 we note that this factor operates similarly to the piezoelectric coefficient (Kp, d31, g31). It 
reaches a maximum value of 263.5178 for composition doped with 4 wt. % P2O5 and then decreases. 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Evolution of Qm as a function of P2O5  
 
     The mechanical quality factor is defined as the reciprocal of the internal friction. Internal friction in the 
piezoelectric ceramic is due to the interaction between the movement of domain wall and areas. Vacant sites Pb 
support the movement of domain walls and increase the internal friction within the ceramic thereby reducing the 
mechanical quality factor [20]. 
 
3.4.5. Young's modulus E 
 
The evolution of the Young's modulus E for all samples sintered at different sintering temperature is shown in Fig. 
8. This curve shows a gradual decrease in the Young's modulus E with the increase of P2O5 until it reaches a minimum 
value of 1.2794 × 10 11 N/m2 for the sample doped with 4 wt.% P2O5. Beyond this value there is an increase of this 
module. The decrease of this factor could be explained by the attractive forces that prevent vibration dipoles [21]. 
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Fig. 8. Evolution of Young's modulus E as a function of P2O5  
 
 
4. Conclusions 
 
The compounds of the solution solid zirconate-titanate lead, noted PZT, general formula Pb0 Pb0.98Ca0.02[{(Zr0.52 
Ti0.48)0.98(Cr3+0.5, Ta5+0.5)0.02}1–xPx]O3 as x vary from 0.00 to 0.12 by setup of 0.02, it has been prepared from a mixture 
of oxides by the method ceramics. The effect of sintering temperature on density was studied to achieve the optimum 
sintering temperature corresponding to the maximum density, because this temperature (1050 °C) corresponds to a 
better quality product. Low-temperature densification of PZT can be achieved by the incorporation of a small amount 
of P2O5 as a sintering aid without sacrificing the piezoelectric and mechanical properties. The preferable sintering 
temperature was about 1050°C and presented the maximum bulk density of 7.52 g/cm3. The study of piezoelectric 
properties and mechanical of this compound in the solid as a function of temperature allows us to have high values of 
planar electromechanical coupling factor at x = 4 wt. %. These properties make this composition to be a good 
candidate for high power piezoelectric devices. 
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